The levels of natural radioactivity have been evaluated in the water column of an eastern Mediterranean region (Saronikos Gulf ), with respect to the relevant environmental parameters. A novel methodology was used for the determination of natural radionuclides, which substitutes the time-consuming radiochemical analysis, based on an in situ sample preconcentration using ion-selective manganese fibres placed on pumping systems. With regard to the results obtained, 
INTRODUCTION
The study of natural radioactivity is usually performed in order to gain insight into the present levels of harmful pollutants affecting the environment and/or the living organisms (human and nonhuman biota). It is also important to understand the fate of natural radionuclides in the environment, since such investigations can be useful for both the assessment of the public dose rates and the performance of epidemiological studies, as well as to keep reference-data records, to ascertain possible changes in the environmental radioactivity due to nuclear, industrial and other human activities (1) . Natural radioactivity is the main contributor to the annual dose received by the world's population (2) , exposure resulting from radionuclides inherent in the earth's crust and from cosmic rays. Most of the natural radionuclides belong to the natural radioactive decay series of 238 U, 235 U and 232 Th and their decay products, while there are also single decay radionuclides, particularly 40 K. Gamma radiation emitted from these radionuclides is present in all media mainly because they can get dissolved in water and migrate to surface water reservoirs, leading to the possibility of contaminating foodstuffs following soil-plant transfer, as well as getting ingested by human and non-human biota (3) . They can also be suspended in air, and in the case of gaseous radionuclides, can emanate into air, facilitating their incorporation into living bodies through inhalation (4) . Both types of exposure depend on the activity concentration of the radionuclide, making radiometric techniques a key instrument in dose-rate calculations.
The present study was carried out in central Greece (eastern Mediterranean Sea), specifically, in a marine region adjacent to the capital city of Athens, named the Saronikos Gulf, which is directly connected to the Aegean Sea ( Figure 1 ). The Saronikos Gulf is one of the most conventionally polluted marine environments in Greece, affected by domestic, industrial and anthropogenic activities. Along its northern part, .30 industries are located (oil refineries, steel mills, shipyards, etc.) (5) , in conjunction with a Waste Water Treatment Plant (WWTP) located in a small island (Psitalia) , that outflows in its west central part and, also, the port of Piraeus, one of the largest in Mediterranean Sea. These enclosed marine regions are usually deposition areas of washout and run-off materials due to human activities around the catchment area. Those materials include radionuclide contaminants related to naturally occurring radioactive materials (NORM) and/or technologically enhanced NORM (TENORM) (6) . More specifically, in the Saronikos area, apart from the adjoined terrestrial sources that contribute to the marine environment through erosional processes, an additional source of TENORM is present originating from the phosphate fertiliser plant of Drapetsona (west of the port of Piraeus), although it has been decommissioned ( Figure 1 ). Stamatis et al. (7) reported increased levels of radioactivity at places, buildings, constructions and materials of the abandoned plant. It is possible that the marine area has been affected by natural radionuclides after transfer through erosional and run-off processes.
To the authors' knowledge, very limited published information is available regarding the levels of natural radioactivity of seawater in the Saronikos Gulf, due to the demanding sampling and analysis of these radionuclides. Therefore, the present work aimed at providing a first radiological study concerning the levels of natural radioactivity and a baseline database for this enclosed ecosystem. The activity concentration levels of the gamma-ray emitting radionuclides in the water column were estimated and subsequently were compared with data from similar marine ecosystems of the Mediterranean Sea. In the present study, the natural occurring radionuclides 238 U (calculated from salinity), 234 Th, 226 
MATERIALS AND METHODS
Challenger Oceanic (one instrument) and McLane (two instruments) large volume in situ pumps (8) were deployed at seven stations (S.1-S.7) in the Saronikos Gulf (two of them-S.1 and S.2-located in a small bay at its northern part, namely the Elefsis Bay) during four seasons (winter 2007, summer 2008, autumn 2008 and winter 2009), in order to filter large volumes of seawater and to collect suspended particles. Sample volumes of 500-1500 l were processed at flow rates of 0.3 -0.5 m 3 h
21
. The accuracy of the flow meter was +2 %, operating in a range of 22.7 -2730 l h 21(8) . The final depths of the stations were 30 m (S.1 and S.2), 65 m (S.3), 97 m (S.5), 105 m (S.6) and 220 m (S.4 and S.7). During the winter 2007 campaign, an inconvenience during sampling resulted in sample collection from only three stations (S.3, S.5 and S.7). Salinity and density were calculated very easily by conductivity measurements using a CTD model YSI 53, which also includes a probe for temperature and pH. The sampling methodology aimed at scavenging radionuclides from seawater using manganese fibres (Mn- Figure 1 . Topography, bathymetry and selected stations (S.1 -S.7) of the sampling area (Saronikos Gulf, Greece).
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fibres). More specifically, cotton wound cartridges, impregnated with manganese oxides in the laboratory, were placed in tandem on the in situ pumping systems to remove dissolved species (such as radium, thorium, plutonium and americium) after a prefilter was used to remove particles from seawater (9 -12) . This method has the advantage of the sample preconcentration in situ, avoiding the lengthy radiochemical treatment required for such analyses.
The pump separated dissolved and suspended particulate phases via filtration through a pre-cleaned, pre-combusted Whatman GF/A disc filter ( pore size of 0.6 mm, diameter of 142 mm). It has been found that these filters are easy to handle and they have a high loading capacity and a very low radionuclide blank (13, 14) .
Impregnation of cartridges with Mn-fibres
Cotton wound cartridge filters (25 cm long and 1 mm pore size) were used for impregnation. Impregnation was performed at the laboratory employing a peristaltic pump and by circulating solutions of KMnO 4 and MnCl 2 4H 2 O in a closed loop, in order to react onto the filter. The green-brown precipitate was then formed onto the filter. When the circulating solution was clear, the impregnated filters were removed from the loop, dried in an oven at o C for 24 h and packed for the sampling (13, 14) .
Treatment of Mn-fibre cartridges after samplinggamma spectrometry measurements
After sampling, the filters were transferred to the laboratory. The disc filters were air-dried, rinsed with distilled water to remove the residual salts and directly measured by gamma spectrometry after transfer into a calibrated measurement pot (14.2 cm diameter and 1.0 cm height). The cartridges were dried and ashed in ovens at 350 o C. The remaining ash was transferred into calibrated measurement pots (6.8 cm in diameter and 1.8 cm in height) for gamma-spectrometry measurements. Prior to the measurements, the samples in the measuring pots were carefully sealed in order to be isolated from the environment and let to reach radioactive equilibrium for 20 d.
The measurements were carried out in a gamma spectrometry system comprising of a high-purity germanium (HPGe) detector (Canberra Coaxial HPGe Detector System) with a relative efficiency of 90 % and resolution of 2.1 keV (at 1332-keV photopeak of 60 Co). The HPGe detector is connected to an 8k-multichannel analyser and the whole system is controlled using Canberra Genie 2000 software. The duration of each measurement was at least 7Â10 4 s usually overnight. Sr, 88 Y with a total activity of 5202 Bq. Self-absorption was assumed to be negligible as the geometries used in the study were of small volume (6.8 cm in diameter and 1.8 in cm height for the ashed cartridges used for dissolved fractions and 14.2 cm in diameter and 1.0 cm in height for the disc filters used for the particulates) and efficiency calibration was performed using the same geometry. For justification, the self-absorption of the samples was checked using the Monte Carlo efficiency transfer (code DETEFF) and it was found insignificant. The quality assurance of the measurements is done here periodically, checked by participating in proficiency tests (e.g. within 2010 ERL has participated in two tests, the IAEA-CRP1471-01 proficiency test and an EC inter-laboratory comparison JRC-IRMM).
The activity concentrations of the dissolved fractions of gamma-emitting natural radionuclides were estimated taking into account the activities of the first and the second MnO 2 cartridge, respectively, as well as the collection efficiency (E) of the filters using the following equation:
where A 1 and A 2 are the activities of each analysed radionuclide in the first and the second cartridge (14) . The average collection efficiencies (E) of the cartridges used are shown in Table 1 . Efficiencies were kept over 50 % for all the radionuclides analysed. Previous studies have shown that collection efficiencies ,50 % usually result in extremely large activities posing additional errors. The uncertainties of the activity concentrations in the first and the second filter (A 1 , A 2 ) were 1s values derived from counting statistics (typical counting statistic error: 8 %). The final results presented in this study were obtained by concatenating the activities of the disc filters (used for particulates) with those of cartridges (corresponding to the dissolved fraction), whereas the final uncertainty given was estimated by propagation. Table 2 depicts the specific radionuclides, as well as their peak energies and intensities used in the calculations done here.
238 U and 40 K activity calculations 238 U was calculated via its proportionality with salinity (S, psu). Typically, the relationship derived by Chen et al. (15) is used in open ocean studies.
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However, 238 U concentrations in the Mediterranean are enhanced relative to the U-salinity relationship of Chen et al. (15) , due to phosphate fertiliser run-off into this enclosed basin. Although U can deviate from the conservative behaviour in some coastal areas (16 -18) , this deviation occurs usually where either fresh water or reducing conditions dominate. The salinity range observed in the present study (32.8 -39 .2 psu) indicates that fresh water supplies have no significant influence in salinity (S), although there are fresh water inputs in the system (ephemeral streams and WWTP). Therefore, 238 U concentrations (Bq m -3 ) were derived from the following equation, which has been found close to real-time measurements in the Mediterranean waters (19) .
U ¼ ð1:1775 + 0:0243Þ Â S ð2Þ
Stable potassium constitutes 1.1 % of the salts that are diluted in seawater. Tsabaris and Ballas (20) reported that the mass concentration (in g m 23 ) of the stable potassium, C (K ), relative to the salinity S (in psu) and density D (in kg m
23
) of the seawater, is given by the following equation (see also: Supplementary data ):
On the other hand, the abundance of 23 molecules mol 21 ) and S is the salinity data obtained by the in situ CTD probe (in psu).
Equation (5) has been tested by real-time measurements in the open sea and it gives the qualitative and quantitative results of 40 K in seawater (20) . (19) . The respective results are shown in Table 3 and illustrated in Figure 2 .
RESULTS AND DISCUSSION
238 U activity concentrations ranged between 39.0+0. 8 Standard deviations of the respective runs are also included. Figure 2) . The observed large range of 234 Th is attributed to the different nature of this element. 234 Th shows high affinity for particles in the marine environment ( particle-reactive element). It is produced by the radioactive decay of the completely conservative 238 U and its radioactive disequilibrium in the marine environment has been used to trace processes occurring over short timescales (23, 24) . The values observed here are of the same level as those observed in the Mediterranean Sea, although the variation of values is extremely wide. However, some significant activity concentrations of the relevant literature concerning the eastern Mediterranean are: 25 -28 Figure 2 ). These values are in the same level as those reported in the eastern Mediterranean (e.g. 0.1 -1.6 Bq m 23 in the Aegean Sea (25) , 1.4-1.8 Bq m 23 in the North Mediterranean (26) ). Radium isotopes have been used to study the water mass pathways or to provide information on horizontal and vertical ocean mixing (i) on a large-scale using 226 Ra (27 -34) and (ii) at the mesoscale using the 232 Th-series radionuclide 228 Ra (11, 35 -42) . The (11) . Ra isotopes-including short-lived 223 Ra and 224 Ra-have also been widely used to trace a submarine groundwater discharge (SGD) (43 -46) . In particular, they are used to assess groundwater discharge rates in coastal environments (43, 44, 47) . However, radium concentrations were found low in the present work and, therefore, no similar processes can be quantified. Moreover, no impact from the phosphate fertiliser plant of Drapetsona can be recorded at the eastern section of the Saronikos Gulf or the Elefsis Bay.
With Table 4 . To obtain a more detailed view of the vertical distribution of the 232 Th-series radionuclides, the respective vertical profiles are illustrated in Figure 3 . 228 Ra was determined by the respective peaks of 228 Ac (at 338.4 and 911.1 keV; Figure 3 ). The maximum values were determined in the autumn period. This is an evidence of the evaporation of seawater during summer stratification resulting in dense surface waters that gradually sink to the bottom breaking down the thermocline layer (50) . The present values are up to one order of magnitude larger than those reported in the eastern Mediterranean region (25) . Figure 3) . The values observed are one order of magnitude lower than those reported in the western Mediterranean (0.05 -0.18 Bq m 23(51) ). However, 228 Ra has been found to increase in areas of elevated natural radioactivity of the eastern Mediterranean (e.g. 100-1100 Bq m 23 (25, 52, 53) ). It has been previously mentioned that Ra isotopes can be used to trace processes related to SGDs. However, the absence of fresh water discharges in the Saronikos Gulf limits the use of Ra isotopes as tracers. On the other hand, a preliminary approach can be performed for the fresh water discharges from the WWTP of Psitalia. These discharges comprise a simulated artificial groundwater system, although the origin of the outflowing waters may not be only terrigenous (and contain Ra isotopes), but also domestic.
The approach (54, 55) based on a box model is presented here using 224 where F( 224 Ra/ 228 Ra) is the activity ratio of the two isotopes near the groundwater discharge (flux) and I( 224 Ra/ 228 Ra) is the activity ratio in the coastal mixing zone.
This model describes the residence time of the outflowing submarine groundwater before its mixing with the open seawater. The model demands accurate knowledge of the Ra fluxes by in situ measurements. As mentioned, this method is based on the experimental determination of the activity ratios of 228 Ra and 224 Ra, isotopes of the same decay chain of 232 Th. The activities of the isotopes are measured (a) at the outflow of the submarine groundwater flux and (b) at the area where the isotopes are concentrated after the outflow. In the present work, the outflow was at a depth of 60 m station S.3 (which is adjacent to the pipelines of the WWTP), whereas the authors supposed that the isotopes are concentrated near the thermocline (at a depth of 15 m).
Since the direct determination of these radionuclides is unlikely using gamma spectrometry, an indirect method can be applied by estimating the The final uncertainties were calculated by propagation. 
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activities of the daughter isotopes, after sealing the samples and obtaining radioactive equilibrium. 
where F and I are the activity ratios of the isotopic tracers, respectively, near the outflow (flux) and in the mixing zone (inventory) in counts per day (cpd), and l 224 is the decay constant of 224 Ra (¼ 0.189 d
21
). The results of these estimates are depicted in Table 5 . It can be observed that the residence times (or flushing times) of the fresh waters ranged between 5.5+2.7 and 15.7+7.6 d depending on the sampling season. These values correspond to the time needed for the fresh waters to be mixed with the saline waters of the open sea after their outflow. It was assumed here that the mixing is likely at the depth of thermocline (15 m) of the same vertical water column, where the discharge occurred (S.3). This assumption may impose an error on the estimates obtained here (e.g. mixing can be significant in other adjacent regions of S.3). However, efforts were made to estimate the flushing times, assuming that the mixing lied at the station S.5 (which is 8 km next to S.3) but negative results arose. A notable point in these values is the high value obtained during autumn (15.7+7.6 d). This is probably attributed to the stratification that occurs during summer in the Saronikos Gulf, which inhibits the mobility of seawater along the water column (56) . It should be noted here that the use of Ra isotopes as tracers of SGDs of terrigenous and domestic origin is a rough estimation. Nevertheless, it comprises the upper limit of the time needed to flow before their mixing with the surrounding seawater.
K estimated by salinity and density
The results of the calculated 40 K are shown in Table 6 , together with the parameters of the calculation, salinity (S), density (D), estimated mass concentrations of stable-K [C(K)] and 40 40 K, which gathers at the coastal regions of the gulf after rainfall and soil erosion. Regarding previous measurements of 40 K in the Mediterranean, they are of similar levels, e.g. 12 000-13 000 Bq m 23 in the Aegean Sea (20) , 12 230+120 Bq m 23 in the Saronikos Gulf (57) , 910-9200 Bq m 23 in the southern Ionian Sea (48) and 6000 -13 000 Bq m 23 in central Greece (25) . The respective ratios of 232 Th and 238 U activity concentrations ( Figure 4a) were calculated for all samples in order to assess if anthropogenic activities are present in the area. However, 238 U was calculated by its proportionality with salinity though there are some values influenced by salinity corresponding to the stations near the WWTP of Psitalia, where low-saline waters outflow. Moreover, compared with Th isotopes, it presents different chemical behaviour in seawater. For that reason, the ratio of its daughter products was calculated ( 226 Ra/ 228 Ac), The respective radionuclides were measured at the outflow of the pipeline (at 60 m of S.3) and at the thermocline depth (at 15 m of S.3) and the results are given in counts per day (cpd). The uncertainties are 1 s values derived from counting statistics and the uncertainties of the flushing times (T w ) were estimated by propagation. assuming secular equilibrium, by a least square fitting ( Figure 4b ) and it was found to be 0.8 with a correlation coefficient of R 2 ¼0.59. Considering that secular radioactive equilibrium exists between 238 U- 226 Ra and 232 Ac, this value ( 226 Ra/ 228 Ac) was compared and found to be low (15, 58) , indicating that the TENORM contribution from human activities could be considered negligible.
Ratios
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Similarly, correlations between 40 K and 232 Th were also considered. The measurements of 40 K and the 232 Th activity concentrations were linearly fitted and are illustrated in Figure 4c where a significant correlation was observed (R 2 ¼0.59). The results indicate that there is a positive correlation between the activities of 40 K and 232 Th. Thus, from the slope of the linear fitting the mean value of the ratio of 40 K/ 232 Th was found to be equal to 125. This value Figure 4 . Correlation of (a) 238 U vs. 232 Th, (b) 226 Ra vs. 228 Ra ( 228 Ac) and (c) 40 K vs. 232 Th activity concentrations.
is at the lowest level compared with those reported in the eastern Mediterranean region (e.g. 49Â10 4(25) ) and much higher than those observed in surface sediments (e.g. 25 in the Ionian Sea (59) ), as a result of the ionic presence of potassium in seawater in conjunction with a low affinity to bind particles.
CONCLUSIONS
The activity concentrations of the 238 U-series and 232 Th-series radionuclides and 40 K, as well, have been recorded as a baseline study of the present levels of natural radioactivity in a small embayment of the eastern Mediterranean Sea.
The activity concentrations of the 238 U-series radionuclides were found comparable with or lower than those observed previously in Mediterranean regions, showing that the sampling location is not affected by TENORM activities although there was a fertilisers' plant on its eastern coast.
Relatively similar results were observed for 232 Thseries radionuclides in the water column in comparison with the relevant literature for the Mediterranean Sea, although the 232 Th activity concentrations calculated by its daughter products were up to one order of magnitude higher. The activity concentrations of 228 Ra are more than one order of magnitude lower than those of 228 Th. On the other hand, the activity concentration of 208 Tl at the end of the decay chain seems to be almost in the same order as the activity concentration of 228 Ac. So the activity concentration of 228 Th is extremely low when compared with its parent and daughter products. This is not surprising since it is clearly attributed to the nature of Th. As mentioned previously, Th is a particle-reactive element having strong affinity to get adsorbed onto marine particles. Marine particles are rapidly removed from the water column via sinking to the sediments (e.g. Buesseler et al. (60) and many others on the same issue) and as a result, lack of equilibrium between the mother and daughter products in seawater is usually observed. 40 K estimated by the salinity and density of seawater was found in the range of previous measurements of eastern Mediterranean areas (11 000-14 000 Bq m 23 ). A rough estimation of the residence times of fresh waters that outflow from the WWTP of Psitalia was attempted, assuming that the origin of the outfalling waters is exclusively terrigenous. An upper level of the time it takes for fresh waters to be mixed with seawater after their outflow was derived to be equal to 15.7+7.6 d.
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